"Left heart" radiopotassium-dilution curves were carried out in 9 patients with rheumatic mitral valvular disease. From the curves, blood flow, circulation times, and "left heart" and aortic volumes were calculated. When this technic is used along with "left heart" pressure measurements, it appears to have a satisfactory reliability in demonstrating abnormalities of flow, volume, and mitral valve function. In theory, its proper application permits complete quantitation of these parameters.
IN SOME patients having long standing rheumatic heart disease routine clinical studies are inadequate either in establishing the existence or in evaluating the severity of stenosis or insufficiency of the mitral valve. Yet corrective surgical treatment makes evaluation of mitral valve function a matter of considerable importance. The surgical procedure, the surgical mortality, and the prognosis covering postoperative improvement are all influenced to some extent by the nature of the lesion present.
A number of specialized diagnostic procedures have been employed to improve diagnosis and quantify approximately the degree of the abnormalities present. Among these are angiocardiography,' measurement of pulmonary arterial "wedge" pressure,' ballistocardiography,3 and direct measurement of "left heart" pressure. 4 Yet, mistaken evaluations are still occasionally made or corroborative evidence is desired, particularly with respect to the amount of insufficiency present. It was considered that indicator-dilution curves made by injections of an indicator into the left heart and aortic root could be used to provide additional and perhaps better information on blood flow, valve function, and also on left heart volume.
The data so far available from radiopotas-sium-dilution curves in 9 patients with valvular disease limited to the mitral valve have led us to hope that this technic, with the addition of left atrial sampling technics as recently advocated by Wood's group,5 and combined with presently used left heart pressure measurements, will permit a rather complete and quantitative description of mitral valve orifice area (both in systole and diastole), and of the pressure-volume-blood flow relationships in the left side of the heart.
METHOD
Patients with known or suspected rheumatic valvular heart disease, candidates for corrective surgical measures, were studied. Nine had valvular disease limited to the mitral valve, and they are included in this report. Only patient 9 had any appreciable signs or symptoms of myocardial failure.
Small plastic catheters were inserted into the left atrium and ventricle4' 6 and an indwelling Cournand needle was introduced into the femoral or brachial artery. A small plastic catheter was passed in retrograde fashion under fluoroscopic guidance from the other femoral artery until its tip lay in the root of the aorta. After pressure measurements had been recorded in the various chambers, radiopotassium-dilution curves were made. Consecutive injections of 15 to 20 ,uc. of radiopotassium (Ks2) in a volume of about 0.2 ml. were made into the left atrium, left ventricle, and root of the aorta. Femoral arterial blood was then sampled and its radioactivity counted with respect to time for the next 30 to 60 seconds. For this purpose the blood was drawn by a mercury gravity vacuum pump at the rate of ap-meter,* which in turn fed the counts to a Brown Recorder (0.5 second full scale response) on which the log of concentration was recorded with respect to time.
Calculations
Cardiac output was calculated from the curves according to the Hamilton method. The cardiac index was then determined using standard heightweight body surface tables. The mean circulation time from injection to sampling site was measured as described by Hetzell,7 and the total volume of blood between the sites calculated as mean circulation time times cardiac output.
For purposes of evaluating chamber mixing volumes the part of the circulatory system under study was considered as a system consisting of 3 compartments, left atrium, left ventricle, and aorta, that are connected in series and have no back flow or feed back. The ventricular and at least part of the aortic blood were considered under normal circumstances to undergo complete mixing within 1 cardiac cycle, with exponential washout of indicator in a discontinuous fashion from the ventricle, and in a continuous fashion (obviously an approximation) from the aorta. In practice, the nature of the blood sampling imparted the general appearance of a continuous curve to all parts of the experimental curves. Atrial blood was considered to undergo essentially no mixing except in the case of insufficiency wherein there is a third mixing compartment in the system and regurgitant flow from ventricle to atrium. Unfortunately it was not initially appreciated that with mitral insufficiency a more complicated model system analysis was indicated and that our experimental data were insufficient to permit complete characterization of flow-volume parameters in the more complicated system. (4) and the relationship of k2 to flow and volume the same as in equation (3) . With blood flow already known from the dilution curves, and heart rate obtained, left heart mixing volumes and aortic mixing volumes were calculated.
Evaluation of Patients
An independent estimation of the amount of mitral stenosis and of the amount of mitral insufficiency was made in order to evaluate the radiopotassiumdilution curve as a measure of valve function. The independent estimation was based on information gathered by history and physical examination, fluoroscopy (9 patients), angiocardiography (6 patients), wedge-pressure measurements (4 patients), left heart pressure measurements (9 patients), surgical exploration (4 patients), postmortem examination (1 patient), and ballistocardiography. figure 1 . The contour of the curve in the patient with mitral stenosis was similar to normal but the terminal slope was frequently modestly flattened (k = 0.15 to 0.25 per second) whereas with mitral insufficiency the terminal slope was definitely abnormal, being very much flatter, or less steep, than normal (k = .03 to .07 per second).
Cardiac Output and Stroke Volume
In all 9 patients the cardiac output was subnormal, averaging 2.1 L./M.2/min., and ranging from a high of 2.6 to a low of 0.9 in patient 9 with "pure" mitral stenosis and cardiac failure. Most of these patients had atrial fibrillation so that only an average stroke volume could be determined. It was decreased in all patients in much the same manner as was cardiac output, ranging from 18 to 66 ml. and averaging 40 ml. per beat. 
Circulation Times
In patients 1 to 4 with essentially pure mitral insufficiency the onset of activity time (beginning of dilution curve) was normal or only slightly delayed, whereas the peak of activity was considerably delayed and mean circulation time prolonged up to 3 times normal. These circulation times in these patients were nearly alike, irrespective of whether the left atrium or left ventricle was the site of injection for indicator, the "left ventricular" times being about 90 to 100 per cent of the "left atrial" times. In patients 5 to 8 having mixed stenosis and insufficiency the same general pattern was seen with regard to the circulation times except that the mean circulation times in general were more nearly normal, and in each patient, all the atrial and ventricular circulation times showed a consistent difference. The ''ventricular" times were consistently shorter than the "atrial," averaging about 85 per cent of the latter times. In the 1 patient with essentially "pure" mitral stenosis and cardiac failure this tendency was greatly exaggerated. All atrial injection circulation times in this patient were appreciably prolonged, whereas those from the ventricular injection were only slightly prolonged. Thus there was a considerable time differential, the ventricular times averaging about 35 per cent of the atrial times.
Volumes
The total volume of blood between the left atrial injection site and the femoral arterial sampling site was increased in all except patient 6. The increases were most marked in the patients presumed to have the most insufficiency, averaging 1.37 L. in patients 1 to 4. As would be expected from the circulation times, the total blood volume from left ventricular injection site to femoral artery sampling site was also increased appreciably to 1.21 L. in patients with insufficiency. The 2 volumes approximated each other in each of these patients. Total volume increases in the other patients with less insufficiency and more stenosis were generally less marked, total volume in these averaging only 0.85 L. with left atrial injections and only 0.78 L. with left ventricular injections. In the patient with stenosis alone, only the indicated volume of blood between atrium and femoral artery was moderately increased, whereas volume between ventricle and artery was within normal limits. This would be expected with left atrial enlargement alone. The left heart mixing volume (the residual left heart volume after subtraction of ejection volume) was increased in all patients with the exception of patient 9 with pure stenosis. The increases resulted in volumes up to about 1.5 L., or values nearly 20 times normal. The increases correlated reasonably well with the amount of mitral insufficiency as estimated by other procedures and correlated inversely nearly as well with the amount of stenosis (table 1). The ratio of mixing to total volumes VR correlated even better with the VT functional abnormality. High ratios, averaging 0.85, were found with "pure" mitral insufficiency; lower ratios, averaging 0.53, were found with mixed lesions; and an essentially normal or even subnormal ratio was found with "pure" stenosis and cardiac failure.
The aortic mixing volumes ranged from 100 to 160 ml. in the women and 150 to 220 ml. in the men. Total blood volume from root of aorta to femoral artery averaged 310 ml. and ranged from 250 to 350 ml.
DISCUSSION
These left heart indicator-dilution curves and their analysis provide evidence bearing on the following matters:
Diagnosis of Functional State of Mitral Valve. The contour of the curves obtained from left heart injection in subjects with mitral insufficiency can be easily differentiated from the curves associated with mitral stenosis ( fig. 1) . The former has a longer ascending limb, a lower peak concentration, and a much flatter terminal exponential slope than do the latter or do normal curves. The curves in "mitral stenosis" differ very little from normal curves we have obtained in dogs. The only consistent difference is a slightly flatter than normal terminal slope, which is presumably due to the subnormal cardiac output, since subjects with normal mitral valves and low cardiac output also have curves with a similar flattening of slope, as would be predicted by the "washout" theory of Newman.8 Thus, differentiation of a normal valve from a stenotic valve on the basis of curve contour alone does not appear feasible, while the presence of insufficiency can be diagnosed merely by casual inspection of the contour of the dilution curve unless blood flow is exceptionally low. In this case quantitation must be employed.
Stroke Volume and Cardiac Output in Rheumatic Mitral Valvular Disease. As has been generally recognized in patients with longstanding, marked rheumatic mitral valvular disease, cardiac output and stroke volume are consistently and definitely subnormal; about 2 normal, when the subjects are at rest.
Left Heart Volumes in Mitral Rheumatic Heart Disease. Also as generally appreciated, left heart total blood volumes (volume of left atrium to femoral artery minus volume of root of aorta to femoral artery) are consistently increased in all patients with mitral disease. In general the largest increases were associated with the most mitral insufficiency. Left heart volumes as high as 1.2 L. were recorded in our patients with marked insufficiency by means of the calculation of the mean circulation time times cardiac output. With regard to the calculated mixing volumes, the curves are not sufficient for making a separate evaluation of ventricular residual mixing (presumably total ventricular residual) volume and of atrial mixing volume when turbulence is occurring in both chambers as in the patient with regurgitation. However, when a maximum value of 300 to 400 ml., well above the normal value of 80 to 90 ml., was assigned to ventricular residual volume, we not only found this increase in ventricular volume but also a large atrial mixing volume attributable to a strong regurgitant jet that would produce atrial turbulence. In fact, this calculation indicated atrial mixing volumes as high as 1.0 L. associated with grade 4 insufficiency in patient 3. This mixing volume is approximately equal to, and in one case greater than, the calculated total atrial volume. Stated otherwise, the high ratios of mixing to total blood volume, averaging near unity in the combined left heart and aortic segments of patients with marked insufficiency indicate that nearly the entire blood flow in the left heart is turbulent. Indeed these ratios, along with the nearly identical, prolonged circulation times resulting from atrial and ventricular K42 injections, suggest that, as far as filling and mixing are concerned, patients with "pure" insufficiency have a functionally single left heart chamber composed of an enlarged left atrium and ventricle that are not separated at any time in the cardiac cycle.
With increasing mitral stenosis and decreasing insufficiency, total and mixing volumes were still elevated, though less markedly so, and the figures of 400 to 600 ml. for mixing volume are in agreement with both a moderate increase in ventricular residual volume and an appreciable atrial mixing volume. However, that the increased atrial volume was not entirely involved in turbulent mixing, and that the regurgitant jet effect was decreased (compared to "pure" insufficiency) was indicated by the intermediate, only moderately elevated mixing to total volume ratios of 0.40 to 0.80.
In patient 9, the only one with "pure" stenosis, the only abnormality in volume was an increased left atrial volume to about 400 ml. The calculated left heart residual volume (mixing volume) was almost normal, compatible with an essentially normal left ventricular size and mixing and no atrial mixing (volume); thus a regurgitant flow was excluded indirectly. These data are consistent with the view that in "pure" stenosis the only appreciable derangement in left heart volume is an increased atrial volume in which there is no turbulence of flow. It seems prudent to point out, however, that these views are based on the findings in 1 patient, who had a very low cardiac output. Evidence of appreciable mixing in the atrium may be discovered under conditions of more normal blood flow.
Left Heart Circulation Times in Rheumatic Mitral Valve Disease. The prolonged, nearly identical circulation times from left ventricle to artery and left atrium to artery in mitral insufficiency are also in line with the concept that indicator is washed back and forth between 2 enlarged heart chambers, which, except for their out-of-phase activities, could be functionally considered as a unit. The differential in these times with stenosis and the apparent increased differential with increasing stenosis is in line with the concept of delay of indicator, whatever its explanation, on the atrial side of the stenotic valve. ' Quantitative Diagnosis of Left Chamber Volumes, Forward and Regurgitant Flow, and Valve Orifice Areas. The present analytic method and experimental curves are, as far as we know, adequate to describe the above parameters in subjects with no mitral regurgitant flow, in whom simultaneous pressures are recorded. Thus, it appears "pure" mitral stenosis can be recognized and the degree partially quantified by the difference in circulation times from atrium and ventricle to artery and by the subnormal ventricular residual to total left heart volume ratio as well as by calculation with Gorlin's formulas.'0 11 These parameters are not all properly quantitated in the presence of insufficiency. However, the presently observed good correlations, particularly of the "equalization" and prolongation of left heart mean circulation times and the high ratios of left heart mixing volume to total volume, with the degree of insufficiency diagnosed by other procedures, convince us that we can determine the left atrial mixing volume for practical purposes and thus, indirectly, the amount of insufficiency present. The differentiation of the case with insufficiency with no stenosis from insufficiency with some stenosis does not seem on very firm grounds except from inference based on the knowledge that in rheumatic disease the 2 lesions usually coexist when 1 is of moderate degree.
It is likely, however, that the present inadequacies are based more on the experimental design used than on the methods employed. If a curve from another sampling site is obtained, the entire model system can be characterized with regard to forward and backward flow and chamber volumes. As stated previously, Wood's group' has been aware of this problem also and have started drawing left atrial samples following left ventricular injections of indicator. If the blood sample can be shown to be truly representative of mixed atrial blood and the model analysis is essentially valid, the indicatordilution curves will permit evaluation of all flows and volumes and the simultaneously obtained pressure curves along with Gorlin's formulas7' 8 will permit an estimation of the functional area of the mitral valve during both systole and diastole. Conversely, if the surgeon can accurately determine orifice area, measurements of indicator-dilution flows and appropriate left heart pressures can be used conjointly to provide an in vivo test of the mitral valve formulas. SUMMARY Nine patients having long standing rheumatic valvular heart disease involving only the mitral valve were studied by a left heart radiopotassium-dilution curve technic during left heart catheterization. Arterial dilution curves were obtained following left atrial, left ventricular, and aortic root injections.
Results showed (a) gross differences between the left heart injection curves in mitral stenosis and those in insufficiency; (b) low cardiac output and stroke volume in all patients; (c) left heart mixing and total volume changes, the ratios of which were high with mitral insufficiency and normal or low with stenosis; (d) variations in circulation times from left atrial and ventricular injections, with similar times in mitral insufficiency, appreciably different times in mitral stenosis, and intermediate values with combined lesions.
The results are consistent with the concept that in mitral stenosis the only important change in volume or blood flow in the left heart is an increased total atrial volume, whereas in mitral insufficiency not only are both atrial and ventricular total volumes increased but also turbulence of flow then occurs, because of the regurgitant jet, in most or all of the atrium, in addition to the ventricle.
Evaluation, by the dilution curves, of mitral valve dysfunction and amount of regurgitant blood flow, although apparently quite satisfactory, is indirect. With the use of an appropriate additional curve and simultaneously measured left heart pressures, it is possible, in all patients, to calculate the volumes of the separate chambers, the volume of regurgitant flow, and the area of the mitral valve orifice, both during systole and diastole. e Cheyne-Stokes Respiration. But there is a symptom which appears to belong to a weakened state of the heart, and which, therefore, may be looked for in many cases of the fatty degeneration. I have never seen it except in examples of that disease. The symptom in question was observed by Dr. Cheyne, although he did not connect it with the special lesion of the heart. It consists in the occurrence of a series of inspirations, increasing to a maximum, and then declining in force and length, until a state of apparent apnoea is established. In this condition the patient may remain for such a length of time as to make his attendants believe that he is dead, when a low inspiration, followed by one more decided, marks the commencement of a new ascending and then descending series of inspirations. This symptom, as occurring in its highest degree, I have only seen during a few weeks previous to the death of the patient. I do not know any more remarkable or characteristic phenomena than those presented in this condition, whether we view the long-continued cessation of breathing, yet without any suffering on the part of the patient, or the maximum point of the series of inspirations, when the head is thrown back, the shoulders raised, and every muscle of inspiration thrown into the most violent action; yet all this without rale or any sign of mechanical obstruction. The vesicular murmur becomes gradually louder, and at the height of the paroxysm is intensely puerile.
The decline in the length and force of the respirations is as regular and remarkable as their progressive increase. The inspirations become each one less deep than the preceding, until they are all but imperceptible, and then the state of apparent apnoea occurs. This is at last broken by the faintest possible inspiration; the next effort is a little stronger, until, so to speak, the paroxysm of breathing is at its height, again to subside by a descending scale.-WILLIAM STOKES. The Diseases of the Heart and the Aorta. Dublin, 1854.
